ABSTRACT
Introduction
Disposable paper cups used for serving coffee, tea and other drinks contain high quality virgin cellulose fibre board (95 wt%) combined with a thin internal polyethylene (PE) coating (5 wt%) 1, 2 . They are typically employed where washing and sanitising of reusable cups is awkward, such as in hospitals, in the entertainment and transportation sectors, and for occasional use by large numbers of people in short time intervals which makes reusable cup service practically impossible.
Disposable paper cups were introduced for replacing the unhealthy common drinking cups near public drinking water facilities. However, in the second half of the previous century, a problem has arisen as a result of a superfluous generation of waste disposable paper cups (WDPCs) (Figure 1 . Considering only the USA, more than 50 billion disposable paper cups are thrown away each year 4 . In mainland P.R. China, approximately 10 billion disposable paper cups are sold annually 5 . An estimated 2.5 billion disposable paper cups are used in the UK each year 6 . Australia's obsession with coffee has led to an extra 7,000 tonnes of non-recyclable waste from disposable paper cups 7 . In Taiwan, the chain beverage stores, convenience stores and fast food stores use around 1.5 billion disposable paper cups per year 8 .
The vast majority of WDPCs are disposed of to landfill or via combustion instead of being recycled 1 . However, these two processes are regarded as environmentally unfriendly because of the generation of toxic gases and contaminative leachate 9 . The most innovation on WDPCs disposal has come in the field of composting, and that is still limited at best 10 . Effective utilisation of WDPCs could not only reduce the amount of municipal solid waste (MSW), but also contribute towards environmental conservation. Therefore, there is an urgent need for a better understanding of WDPCs. This review aims to point out the problems in dealing with WDPCs, and provide updated technical information on the utilisation of WDPCs.
Problems

Inherent problems
The main problem is the mass misconception that WDPCs, because they are usually made of paper, are recyclable in the same manner as any other forms of packaging waste. The truth of the matter is that WDPCs cannot be easily recycled. The glue that holds the parts of the cup together and contamination in the cups cannot be removed in the recycling process. So far, the greatest problem has been the strong adhesion between the paper board and the thin coating of PE 1, 6 . The coating poses a mammoth problem for the recycling industry, because it cannot be separated out in a standard recycling mill 11, 12 . Even the smallest amounts of plastics can wreak havoc with paper reclamation equipment and contaminate downstream processes
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. In fact, almost all recycling plants reject WDPCs and send them straight to landfill. The decomposition process in the landfill releases methane, a greenhouse gas which is estimated to possess 23 times the heat-trapping power of carbon dioxide 14 . In the USA, it is estimated that fewer than one in 400 WDPCs get sent for recycling, and the rest end up in landfill sites for decades, taking about 20 years for a cup to decompose 15 .
Social barriers
The successful recycling of WDPCs is dependent upon multiple factors, including local government policies and access to recycling sites such as paper mills and plastic processors. The reality is the recycling of WDPCs is only possible in highly specialised recycling facilities, however there is currently a limited number of recycling facilities that can process PE-infused paper cups 11 . For WDPC recycling to become a reality, they need to be collected systematically in bulk. Since consumers often take their beverages with them when they leave the coffee bar or fast food chain, WDPCs end up everywhere with the exception of proper collection systems
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. Therefore, a mass collaboration between municipalities, landlords, manufacturers, vendors, customers and even adjacent businesses is necessary for the recycling of WDPCs.
Resolutions
Laboratory study
Conversion of WDPCs into useful materials
It has been reported by Mitchell et al. that WDPCs have potential to be reused as reinforcement in novel polypropylene (PP) composites 1 . In their work, WDPCs were firstly shredded to form paper plastic laminates (PPL) flakes. The PPL flakes and PP were mixed, extruded, pelletised and injection moulded at 160 to 180 °C. Use of a maleated polyolefin coupling agent allowed composites containing 40 wt% of PPL flakes to increase the tensile strength of PP by 50% to 30 MPa. The Young's modulus also increased from 1 to 2.5 GPa and the work to fracture increased by a factor of 5.
Graphene is a rapidly rising star on the horizon of materials science and condensed matter physics. Generally, there are two fundamental sources for the preparation of graphene: graphite and organic molecules. Zhao et al. made a novel endeavour by using WDPCs as a carbon source and Fe 2+ as a catalyst to form graphene sheets with Fe particles deposited onto them. The Fe/graphene composite can be used as an anode material for lithium ion batteries, or be converted to highquality graphene sheets in high yield when Fe particles were completely removed 16 .
Pyrolysis of WDPCs
Pyrolysis is the thermal degradation of organic substances under an inert atmosphere into valuable products such as oil, solid residue and gaseous phases, and it is considered efficient and environmentally-friendly because no waste is produced 17 . There are two types of pyrolysis: analytical and applied. Applied pyrolysis is carried out for the purpose of producing chemicals. Analytical pyrolysis involves the characterisation of the analyte by decomposition upon heat treatment in the absence of oxygen 18 . This technique enables us to understand the decomposition pathway of the analyte. Applied pyrolysis of paper cup waste was performed by Biswal et al. in a semi-batch reactor with a temperature range of 325 to 425 °C and at a heating rate of 20 °C min -1 (see ref.
2 ). The maximum oil yield was 52% at a temperature of 400 °C. The functional groups present in the oil are aldehydes, ketones, carboxylic acids, esters, alkenes, and alkanes. It was also found that the pyrolytic oil contains around 18 types of compounds having a carbon chain length in the range of C 6 -C 20 . Thermogravimetric analyser (TG) plays an important role in the field of analytical pyrolysis, which can reveal the change of mass loss with temperature. Pyrolysis of WDPCs was investigated by Jankovic 19 using the TG technique, then a kinetic study was performed based on the original TG data. The active pyrolytic zone was indentified in a temperature range of 250 to 400 °C, indicating the pyrolysis of cellulose, and the average activation energy of the pyrolysis reactions was calculated to be 135.8 kJ mol -1 . Information about the evolved species is even more important for understanding the pyrolysis process. TG coupled with Fourier transform infrared spectroscopy (TG-FTIR) is a valuable technique for obtaining mass loss with time and probing the functional groups of volatile species evolved from pyrolysis online 20 . It was found by Song et al. that the gaseous products of WDPC pyrolysis were mainly emitted at about 360 °C. Ketones were the most abundant condensable organic products, followed by ethers, alcohols and aromatics. CO 2 was the dominating gaseous product, followed by CO. These gases can also be produced via secondary cracking of the small molecule organics above 400 °C. The cracking of PE led to the formation of a large amount of hydrocarbons around 485 °C (see ref.
21
). Figure 2 shows the evolution histories of the evolved species mentioned above as a function of temperature.
Vermicomposting technology
Earthworms play an important role in the monitoring of environmental pollution. Vermicomposting technology was found to be an effective method for the conversion of WDPCs into nutrient-rich manure and at the same time earthworms were involved in the process to separate the plastic coating from the paper. Karthika et al. reported that WDPCs can be provided as feed for earthworms, and a high degree of organic matter stabilisation was achieved when WDPCs were subjected to the vermicomposting process in a 1:1 ratio along with cow dung. Changes in the normal Figure 2 Evolution histories of the evolved species during pyrolysis of WDPCs. Modified from ref. 21 .
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Dealing with waste disposable paper cups metabolism of the earthworm and tissue damage in the earthworm can be observed during the vermicomposting process. However, earthworms had the capacity to regain their body mass when inoculated into a new environment 14, 22 .
Commercial approach
The British master papermaker James Cropper announced in July 2013 that it had created a method to recycle WDPCs into high quality paper products. WDPCs and WDPC-derived paper products are shown in Figure 3 . The process involves softening WDPCs in a warmed solution, which separates the plastic coating from the fibre, then the plastic is skimmed off, leaving water and pulp after which impurities are filtered out, leaving a high-grade pulp 23, 24 . In 2013, the company opened a reclaimed fibre plant using this technology at its production mill in Kendal, Cumbria, UK 25 . The company has built a recycling partnership with McDonald's since 2016. Non-recyclable paper cups used in McDonald's restaurants across the UK are saved from landfill and incineration, the paper contained in WDPCs can thus be converted back into FSC® -certified fibre for the production of luxury papers and packaging materials, and the remaining plastic is suitable for use in garden furniture 
Conclusions
Although the paper fibre is recyclable, the plastic coating can greatly limit the recyclability of WDPCs. Proper collection systems are needed for the successful recycling of WDPCs. Laboratory studies showed that WDPCs can be used as raw materials for the production of high strength plastics and graphene. Hydrocarbon liquid can be produced from WDPCs via pyrolysis. Pyrolysis characteristics and kinetics of WDPCs have also been studied by TG-FTIR. Vermicomposting technology was also found to be an effective method for the degradation of WDPCs. The recycling technology created by the James Cropper Company in the UK can separate out the plastic incorporated into WDPCs, leaving paper pulp, which can be used in the industrialised production of high quality papers.
Suggestions
(1) The real key to change is education. The public needs to recognise that WDPCs cannot be easily recycled in the same manner as conventional paper waste. (2) To recycle WDPCs more efficiently, co-operation between large companies is of great importance. Also, municipal departments should establish targeted systems for the collection of WDPCs. (3) Energy utilisation of WDPCs via thermal conversion is suggested because it avoids the problems caused by separating the thin PE-coating from paper.
